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Abstract: A hydraulic jump is a good energy dissipator for eco-friendly dam construction. Using a 
stilling basin with a step-down floor remarkably decreases flow velocity on the floor as well as 
operation risk. Considering that the number of high dams that have adopted this type of energy 
dissipator has recently increased, this study investigates the relationship among reattachment length, 
step height, and flow depth and velocity on the step by applying a two-phase flow numerical simulation 
that combines the renormalization group k-ε turbulence model and the volume of fluid method. 
Simulation results show that the reattachment length does not change with the velocity on the step 
under certain conditions during which step height and flow depth on the step are variable. Fitting 
curves are established based on the dimensionless parameter of reattachment length/step height and 
step height/flow depth on the step. 
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1. INTRODUCTION  
Flood discharge atomization during energy dissipation by a hydraulic jump is minimal and leaves 
nearly no impact on the surrounding environment (Sun, 2009). Considering the current eco-friendly 
trend in dam construction, a hydraulic jump is a good type of energy dissipator. During the late 20th 
century, developed countries have started using this type of energy dissipator in projects that aimed to 
reduce flood discharge atomization to minimize the impact on the slope vegetation (Gao, 2008). In 
China, some dams that are higher than 160 m, such as the Xiangjiaba Hydropower Station (height: 
161 m), the Guandi Hydropower Station (height: 168 m), and the Jin'anqiao Hydropower Station 
(height: 160 m), apply energy dissipation by a hydraulic jump in consideration of environmental issues 
and geological conditions. 
 
Hager (1992) summarizes the stilling basin type, include USBR Stilling Basins, USCE Stilling Basin, 
Bhavani Stilling Basin and VNIIG Stilling Basins. Therefore, ensuring the safe operation of these types 
of stilling basin is difficult when traditional bottom energy dissipation is applied because the maximum 
bottom velocity is higher than 40 m/s. The stilling basin with a step-down floor was recently developed 
to address to the aforementioned engineering characteristics. 
 
Since 2000, a number of research institutions in China have conducted studies on the hydraulic 
characteristics of stilling basins with a step-down floor. The results of model tests and numerical 
simulations indicate that a step down significantly reduces flow velocity and pulsating pressure acting 
on the floor. Table 1 lists some high dams that use stilling basins with a step-down floor. The height of 
these dams is typically between 110 m and 260 m, the unit discharge on the step is between 100 
m3/(s•m) to 230 m3/(s•m), and the Froude number is between 5 and 12. A stilling basin with a step-
down floor has a wide range of applications. In this context, the problem of flow reattachment length 
was studied by using numerical simulation. 
 
The flow reattachment length downstream of a step-down floor is a parameter that must be studied 
along with other issues such as vortex intensity, return flow velocity, angle between flows, as well as 
floor and pressure gradients in the flow impact area. A sketch map of the backward-facing flow pattern 
is given in Fig. 1. A strong shear and vortex flow structure is formed when high-velocity water flows 
through the step-down floor. The reattachment point is the area where the turbulent diffusion flow 
 comes into contact with the stilling basin floor, whereas the reattachment length L is the distance from 
the step-down floor to the reattachment point. 
 
In this study, downstream water level is assumed to be sufficiently high, and that jet flow can form 
under all conditions. The simplified 2D problem is studied by applying a numerical simulation method. 
 
Table 1 List of some large dams using stilling basin with step-down floor 
Project 
Maximu
m of dam 
height 
/m 
Inflow unite 
discharge 
/m3  s -1 m-1 
Inflow Froude 
number Fr 
Step 
height 
/m 
Country 
Teri 260.5 109.6 12.5 3.5 India 
Shushensk 245.0 183.7 10.7 4.3～6.0 Russia 
Guandi 168.0 140.8 8.5 6.5 China 
Xiangjiaba 161.0 225.3 6.4 9.0 China 
Guanyinyan 159.0 159 5.9 7.5 China 
Myitsone 139.5 225 5.4 8.0 Myanmar 
Tingzikou 110.0 133 7.0 8.0 China 
 
 
Fig.1 The sketch map of backward-facing step flow 
2. MATHEMATICAL MODEL 
2.1. The volume of fluid (VOF) model of a water–air two-phase flow 
In this study, the VOF method was used to track the interface. The functions w(x, y, t) and a(x, y, t) 
represent the volume fraction of water and that of air, respectively, in the computational field. A 
relationship is established in each discretised cell as follows:  
 
                          1 aw  .                                                                        (1) 
 
The governing equation of the water volume fraction is expressed as: 
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where t is time; and ui and xi are velocity and coordinate components (i = 1, 2), respectively. The 
interface between water and air was tracked by solving the continuous Eq. (2). 
 
The continuity equation (2) shows that the transient solver was used in the advection field of the VOF 
two-phase model according to the unsteady flow. The correct results for the steady flow were obtained 
by gradual iteration of time.  
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 2.2. Renormalized group (RNG) turbulence k-ε model 
The jet flow is characterized as a high-speed and anisotropic turbulence, thus leading to the selection 
of the RNG k-ε turbulence model. The governing equations are as follows: 
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where  and  are the volume fraction average density and molecular viscous coefficient, respectively; 
ui is the velocity; P is the corrected pressure; and i is the turbulent viscous coefficient that can be 
obtained by the turbulent kinetic energy and the turbulent dissipation rate, and is expressed as 
 
                                  
2kCt  .                                                                                              (7) 
 
The Gk in Eq. (6) is the turbulent kinetic energy production item induced by the average velocity 
gradient. It can be expressed as 
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where  kS  and ijij SSS 2 . 
 
The constants in the governing equation are listed in Table 2. 
 
Table 2 Constant in governing equation 
C  1C  2C  k    0    
0.0845 1.42 1.68 0.72 0.72 4.38 0.012 
2.3. Numerical method and boundary condition 
The computational field was discretised by a non-structured cell and the control finite-volume method. 
A differential equation was integrated into each control cell, and linearization was used to integrate 
equations. Each variable was then obtained. 
 
The two-order, upwind finite-volume method was used to measure volume fraction, momentum, and 
diffusion via a turbulent, kinetic-energy closed equation. Pressure and velocity were solved by using 
the pressure implicit with splitting of operator (PISO) algorithm. In this algorithm, corrected pressure 
 and velocity represent a high approximated relationship that is particularly applicable to transient 
problems. The PISO algorithm can improve convergence in highly distorted cells. 
 
The computational field was simplified into a 2D plane. Inlet boundaries included those of water and 
vapour. The former boundary condition was assigned the average velocity, whereas the latter 
boundary condition was assigned the pressure condition with values of in atmospheric pressure. The 
outlet boundaries were assigned related functions, such as air and water, whereas latter function was 
for static pressure distribution. The solid boundaries were set with a non-slip condition, and the 
viscous layer was formulated by a standard wall function. The initial boundary was filled with water. 
3. SIMULATION RESULT AND ANALYSIS 
A total of 22 examples were obtained by using several factor combinations that involve water depth 
above step h0 = 1, 2, and 6 m, step height d = 2, 4, and 6 m, and average flow velocity above step U0 
= 10, 15, 20, 30, and 40 m/s. The results are listed in Table 3 and illustrated in Fig. 2. To establish 
regularity among the numerical results, the simulation results were made dimensionless based on step 
height d and on the average velocity above step U0. Expansion Rse was defined as the ratio of step 
height d to water depth above step h0, whereas RLd was the ratio of reattachment L to step height d. 
The dimensionless results are listed in Table 4. 
 
Table 3 Results of the numerical simulation 
 
Example 
Water 
depth 
above 
step 
/m 
Step 
height
/m 
Flow 
average 
velocity 
sbovestep 
/m  s-1 
Reattachment 
length 
/m 
Example
Water 
depth 
above 
step 
/m 
Step 
height
/m 
Flow 
average 
velocity 
above 
step 
/m  s-1 
Reattachment 
length 
/m 
1 1 2 15 5.1 12 2 4 20 10.6 
2 1 2 20 4.9 13 2 4 30 10.6 
3 1 4 15 8.3 14 2 4 40 10.6 
4 1 4 20 8.1 15 2 6 15 14.0 
5 1 6 15 13.7 16 2 6 20 14.1 
6 1 6 20 13.7 17 2 6 30 14.1 
7 2 2 15 6.3 18 2 6 40 14.1 
8 2 2 20 6.0 19 6 6 10 18.9 
9 2 2 30 5.9 20 6 6 20 19.0 
10 2 2 40 5.8 21 6 6 30 19.0 
11 2 4 15 10.6 22 6 6 40 19.1 
 
 
Fig. 2 Simulated results of attachment length 
 
 The simulated results in Table 3 were obtained based on the hypothesis that the downstream flow was 
sufficiently deep for the outflow from the step to become a submerged jet flow. Based on the known 
water depth, the reattachment length was shown to be proportional to step height. That is, if the step 
height is high, then reattachment is long. The water flow field under different height steps when the 
water depth above the step was 2 m and the average flow velocity was 20 m/s is shown in Fig. 3. 
However, Fig. 2 shows that water flow velocity above the step nearly had no effect on reattachment 
length when the step height and the main water depth above the step were known. Meanwhile, 
different flow fields behind the step when the water depth above the step was 2 m and the step height 
was 4 m are presented in Fig. 5. 
 
The reattachment length did not change with the velocity above the step even if the step height and 
the water depth above the step become known because of the following reasons. (1) The water flow 
behind the step became a jet flow. Moreover, the velocity gradient of the jet boundary and the relative 
stationary field increased, thus resulting in increasing shear stress. (2) A closed area was formed by 
the bottom boundary of the high-speed flow and the facade of the step along with the stilling basin 
bottom because of the water flowing under the step. Given the characteristics of high-speed water 
flow, a vortex flow structure was formed when a part of the water became involved in the high-speed 
main water flow. The velocity gradient of the vortex flow structure increased with increasing velocity; 
thus inducing increases in pressure gradient and in the adsorption for the main flow. The two 
resistances introduced at this point with a superimposed force cancelled out the increasing inertia 
induced by increasing velocity, thus resulting in a response of the reattachment length to velocity 
change. 
 
The dimensionless numerical results listed in Table 4 show that the Froude number Fr above the step 
is between 1.0 and 9.0, and that the ratio of the reattachment length to the step height is between 2 
and 3. The value of d/h0 is between 1 and 2, which is common in engineering situations, whereas the 
values of L/d have scattered to a certain degree. However, the errors with the average value of L/d are 
typically smaller than 5%. Fig. 6, which was illustrated according to the relationship between L/d and 
d/h0 in all engineering situations, shows a curve well-fitted by a quadratic polynomial wherein all 
calculated points have clear distribution regularity. When the value of d/h0 is nearly 4, the value of L/d 
reaches minimum. 
 
Table 4 Dimensionless result of the numerical simulation 
Example Fr Rse=d/h0 RLd=L/d Example Fr Rse=d/h0 RLd=L/d 
1 4.8 2.0 2.6 12 4.5 2.0 2.7 
2 6.4 2.0 2.5 13 6.8 2.0 2.7 
3 4.8 4.0 2.1 14 9.0 2.0 2.7 
4 6.4 4.0 2.0 15 3.4 3.0 2.3 
5 4.8 6.0 2.3 16 4.5 3.0 2.4 
6 6.4 6.0 2.3 17 6.8 3.0 2.3 
7 3.4 1.0 3.2 18 9.0 3.0 2.4 
8 4.5 1.0 3.0 19 1.3 1.0 3.2 
9 6.8 1.0 2.9 20 2.6 1.0 3.2 
10 9.0 1.0 2.9 21 3.9 1.0 3.2 
11 3.4 2.0 2.7 22 5.2 1.0 3.2 
 
 
 
Fig.3 Flow distribution under different step hight When h0=2m and U0=20m/s 
d=6m d=2m d=4m 
  
 
Fig. 4 Flow distribution under different flow depths when d0 = 6 m and U0 = 20m/s 
 
Fig. 5 Flow distribution under different velocities when h0 = 2 m and d = 4 m 
4. CONCLUSION 
Hydraulic dissipation performs well in eco-friendly dam construction. The problem of high speed at the 
bottom of the floor, which threatens engineering safety, is solved by setting a step in front of the stilling 
basin. Recently, a number of high dam projects have been set in a stilling basin with a step-down floor. 
This study used a two-phase flow numerical method combined with the RNG k-ε turbulence model and 
the VOF method to investigate the relationship among reattachment length, step height, as well as 
water depth and velocity above the step. 
 
The numerical simulation results show that when the step height is known, the reattachment length is 
proportional to the water depth above the step. Conversely, when the water depth above the step is 
known, the reattachment length is proportional to the step height. However, when the step height and 
the water depth above the step are known, the velocity change in the step nearly has no effect on the 
reattachment length. 
 
Meanwhile, the dimensionless the numerical simulation results shows that a quadratic relationship is 
exhibited by the ratio of the reattachment length to the step height L/d, and that ratio d/h0 can be 
obtained. This ratio reaches minimum when d/h0 = 4.  
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Fig. 6 Relation between L/d and d/h0 
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